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ABSTRACT  Crack detection using piezoelectric sensors have widely been reported in many 
research papers. In most of these studies, the cracks considered are generally artificially induced and 
the piezoelectric sensors are not subjected to fatigue loading. This paper presents a set of fatigue 
tests results demonstrating the effectiveness of piezoelectric elements in crack detection. The results 
presented were obtained from a series of high frequency fatigue experiments. The crack lengths were 
measured using an eddy current crack detector. These were compared with the results obtained from 
the piezoelectric sensors located on the test specimen. 
 
1 INTRODUCTION 
Piezoelectric material when subjected to mechanical stress will give rise to potential 
difference or it can exhibit dimensional change as it is subjected to the external electrical 
field. This special characteristic is due to the motion of the dipoles which result in the 
change of the dipole moment inside the material [Randeraat et al.]. However, this 
characteristic can totally be eliminated if excessive mechanical stress, electrical stress or 
very high temperature is applied to the materials, which result in the de-poled of the 
material to occur [Cain et al.]. 
 The electro-mechanical characteristics of the piezoelectric material make it suitable to be 
used as actuators or sensors. Research is actively been carried out to show that it can be 
used as a device for defect detection in structural component [Divos et al.]. In this 
application, one piezoelectric material was used as the source to produce ultrasonic signal 
and the other piezoelectric material was used as a source to receive the signal. In this case 
any change in the signal due to the defect and this study showed that the presence of a crack 
would reduce the amplitude of the received signal. Similar work reported by Giurgiutiu et 
al. (2003) described the characteristics of the ultrasonic wave which was generated by the 
piezoelectric wafer active sensor embedded in 1-D and 2-D structures, and he also outlined 
the use of the sensor with wave propagation for far-field crack detection in aging aircraft 
structure.        
 A piezoelectric element can be used both as a sensor and as an actuator. In one of these 
applications, a piezoelectric element was used in conjunction with an impedance analyzer to 
detect the crack on the surface of a structure [Zagrai et al.].  This method showed that 
electro-mechanical impedance of the piezoelectric element located close to the crack can be 
affected by the presence of the crack. Besides, a self-diagnosis technique to determine the 
status of the bond between the piezoelectric material and the structure was also introduced 
with the use of the electro-mechanical impedance [Giurgiutiu].      
 Whilst there are copious amount work reported in the open literature on the use of 
piezoelectric material for structural integrity assessment and damage detection, in most of 
these work reported, the piezoelectric material is not subjected to operating environment. 
The defects are usually artificially introduced.  
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 In this research project, we seek to demonstrate the practicality of piezoelectric material 
for in-situ structural health monitoring. The results presented were obtained from test 
specimens that were subjected to fatigue loading. The aluminum plate was instrumented 
with piezoelectric materials that were bonded on its surface. In this manner, the 
piezoelectric elements were also subjected to a fatigue stresses during the experiments. To 
accelerate the tests, the test specimens were mounted on a vibrating shaker table. During the 
experiments, cracks were initiated near the supports of the plate due to the vibration of the 
shaker. Stress wave was used for crack detection and electro-mechanical impedance was 
used to determine the degradation of piezoelectric elements.     
 
2 EXPERIMENTAL SET-UP 
Prior to the experiment, Femap/Nastran software program was used to simulate the 
aluminum plate in order to determine its resonance frequency. The aluminum plate will be 
operated at its first resonance frequency during the experiment in order to accelerate crack 
initiation and subsequent crack growth 
The experiment test specimen is shown in Figure 1. The test plates were made from 
aluminum with a thickness of 2 mm. A series of piezoelectric elements were bonded onto 
the surface of the test specimen about 20mm distance from the left and right hand side of the 
holes respectively. These piezoelectric elements were made from piezo-ceramic material 
(PZT). They are five countersunk holes in the specimen used to fasten it to the shaker table. 
During the fatigue tests, the specimen was located onto a vibration shaker table as shown in 
Figure 2.  
 The test specimen was subjected to a transverse mode of vibration at its fundamental 
natural frequency of approximately 75 Hz. The acceleration of the shaker was kept at 3g.  
The test specimen was subjected to this excitation for a period of 10 minutes initially. The 
shaker table was then stopped and test measurements were taken. This period was reduced 
when fatigue cracks were initiated. 
 When recording the test measurements, the right hand row of piezoelectric elements were 
used to send an ultrasonic pulse to the receiving elements on the left. This was achieved 
with a HP 33120A signal generator and the signal was received and recorded on a 
Tektronics TDS 1002 digital oscilloscope. The signal generator was programmed to provide 
a 10-cycle Hanning windowed sine excitation to the actuating piezoelectric element. The 
results were recorded on a computer and the peak-to-peak voltage readings were taken. 
Figure 3 show a sample of the results obtained. 
 In addition, the electromechanical impedance measurements of the piezoelectric elements 
were also recorded. An Agilent 4284A impedance analyzer was used for this purpose. The 
objective of using this measurement is to determine the state of the bond between the 
piezoelectric element and the test specimen.  
 The crack length of the cracks developing around the fastener hole in the test specimen 
was recorded using a Halec Eddy current crack detector. Figure 4 shows a picture of the 
state of the test specimen on completion of the fatigue tests. It is evident that the cracks 
initiated from the top of the fastener locations due to the clamping conditions imposed. 
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Figure 1: Test Specimen Figure 2: The shaker table and the specimen 
   
Figure 3: Typical response obtained with  
the receiving piezoelectric element 
 
Figure 4: The present of the cracks along  
the holes 
 
 
3 RESULTS 
3.1 Electromechanical impedance measurements 
Three types of graphs were plotted in this paper for plate A. The electromechanical 
impedance measurements versus frequency obtained from the experiment for 
piezoelectric sensors in plate A and plate B. The alphabets “L” and “R” in the graph 
indicate the sensor in the left hand side and right hand side respectively. The graphs of 
some of the sensors in plate A are shown below. Figure 5 show a typical 
electromechanical impedance measurements obtained from the experiments for plate A. 
For the frequency range of 400 Hz to 5000 Hz, it is evident from these figures that the 
performance of the piezoelectric elements was not affected by the fatigue loading 
imposed from the 0 cycles to the maximum cycles. In addition, the graphs also show that 
the piezoelectric elements were not de-bonding from the aluminum plate. Similar results 
were obtained from plate B.  They also suggest that there is no significant degradation of 
the electro-mechanical properties of the PZT element. 
 
PZT elements 
Cracks 
SIF2004 Structural Integrity and Fracture. http://eprint.uq.edu.au/archive/00000836 
 
(i) 
 
E l e c t r o m e c h a n i c a l  I m p e d a n c e  
( P l a t e  A ;  S e n s o r  R H 1 )
0
5 0
1 0 0
1 5 0
2 0 0
2 5 0
3 0 0
3 5 0
4 0 0
4 5 0
5 0 0
0 2 0 0 0 4 0 0 0 6 0 0 0
F r e q u e n c y  ( H z )
0  c y c l e s
4 5 3 0 0  c y c l e s
9 0 6 0 0  c y c l e s
1 3 5 9 0 0  c y c l e s
2 1 6 7 5 0  c y c l e s
2 7 3 9 0 0  c y c l e s
 
(ii) 
Figure 5:  Electromechanical Impedance versus frequency for i).LH1, ii) RH1 
 
 
3.2 Fatigue crack detection 
The second part of the paper examines the functionally of the piezoelectric elements as a 
device for in-situ crack detection. In this section, the peak-to-peak voltage recorded by 
the sensor was used as the quantity to determine the presence of a crack between the 
sensor and actuator pair of PZT elements. These peak-to-peak voltages of the receiving 
piezoelectric elements were plotted as a function of the crack length which is shown in 
Figures 6 and 7. 
 
E l e c t r o m e c h a n i c a l  I m p e d a n c e  
( P l a t e  A ; S e n s o r  L H 1 )
0
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0 0
0 2 0 0 0 4 0 0 0 6 0 0 0
F r e q u e n c y ( H z )
0  c y c l e s
4 5 3 0 0  c y c l e
9 0 6 0 0  c y c l e
1 3 5 9 0 0  c y c
2 1 6 7 5 0  c y c
2 7 3 9 0 0  c y c
Impedance, KOhm 
 
Impedance (KOhm) 
 
SIF2004 Structural Integrity and Fracture. http://eprint.uq.edu.au/archive/00000836 
 
Receiving Sensor H2a
-20%
0%
20%
40%
60%
80%
100%
120%
0 5 10 15 20 25 30 35
Crack length (mm)
pe
rc
en
ta
ge
 d
ro
p 
in
 p
ea
k t
o 
pe
ak
 vo
lta
ge
Plate #5
Plate #6
 
 
Receiving Sensor H4a
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Figure 6: Percentage drop in peak to peak voltage 
versus crack length for receiving sensor H2a 
Figure 7: Percentage drop in peak to peak voltage 
versus crack length for receiving sensor H4a 
 
Given the positioning of the piezoelectric elements and the geometry of the crack growth, 
it is expected that a centrally located crack length of 10 mm will just penetrate the line of 
incidence of a given pair of the interrogating piezoelectric elements. Figures 6 and 7 
show that significant reduction in the piezoelectric readings was recorded when a crack 
length of 5 mm or more appeared on the surface of the aluminum plate. This 
demonstrates the effectiveness of this method of monitoring fatigue crack growth. It also 
highlights its potential as an in-situ structural health monitoring tool for fatigue crack 
growth.  
 In Figure 7, piezoelectric element showed an increase in peak to peak voltage as the 
crack length increases. The crack length shown in the Figures are the overall crack 
length. As a result, the increasing signal can be attributed to the scattering of the 
ultrasonic pulse between the sending and the receiving elements, which cause the peak to 
peak voltage to increase. This phenomenon was also recorded in some earlier work by 
Rajic et al. (2002). This can be further substantiated with the following results.  
 Figures 8 and 9 show the peak-to-peak voltage readings plotted as a function of the 
fatigue cycles. These figures reveal that during the initial period of the experiment, the 
readings obtained from the receiving piezoelectric elements did not show appreciable 
reduction in peak-to-peak voltage readings. 
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Receiving Sensor H3a
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Receiving Sensor H4a
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Figure 8: Percentage drop in peak to peak voltage 
versus number of cycles for receiving sensor H3a 
Figure 9: Percentage drop in peak to peak 
voltage versus number of cycles for receiving 
sensor H4a 
 
 
4 CONCLUSIONS 
This paper presents a set of results obtained from the fatigue crack monitoring using piezoelectric 
elements. The durability of the PZT elements for the entire span of the experiment was demonstrated. 
The monitoring the fatigue crack growth was obtained using a simple data analysis by monitoring the 
peak-to-peak voltage recordings of the receiving piezoelectric elements. The results from this paper 
demonstrated the use of a very simple tool for in-situ crack detection using PZT elements. 
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